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Supplementary Methods
Supplementary Video 1 | Sweeping of the hyperspectral CARS images corresponding to the stromal region of the tumor specimen (week 4) in Supplementary Fig. S2 . The cancer biomarker manifests itself as a "flash" at 3050 cm -1 , which produces the brightest CARS intensity within the spectral range (2691-3204 cm -1 ).
Supplementary Video 2 | Sweeping of the hyperspectral CARS images corresponding to the adipose-stromal region
of the tumor margin specimen (week 8) in Supplementary Fig. S4 . The cancer biomarker manifests itself as a "flash" at 3050 cm -1 in the stromal region but not in the adipose region.
Supplementary Video 3 | Sweeping of the hyperspectral CARS images corresponding to the adipose-stromal region
of the normal specimen (week 6) in Supplementary Fig. S4 . In contrast to Supplementary Video 2, the cancer biomarker is absent at 3050 cm -1 in the stromal region. Fig. 2 . Intensity variation among stationary morphological features outside a vessel is due to the scanning of vibration frequency across 2691-3204 cm -1 . The observation of flowing "lymph" inside the vessel allows the assignment of this vessel to a lymphatic vessel. 18 , 3T3-L1 cell 19, 20 , Cheese 9 , CHO cell 21 , drosophila 10 , guinea pig axonal myelin 22 , HEK-293 cell 10 , HeLa cell 23 , human artery 24 , human lung cancer cell 25 human perivascular tissue 26 , liver cell 27 , mayonnaise 9 , MCF-7 cell 10 , microalgae 21 , mouse brain tissue & tumor 11, 25 , mouse ear skin 21, 28 , mouse skin 28 , rat liver 29 , soydrink 9 ; yeast cell 12 C-C stretching @ 1080 9 CH2 scissoring @ 1300, 1440-1445 9 CH bending @ 1456 12 CH2 stretching @ 2840 20 , 2843-2847 18 , 2844 26 , 2845 9, 10, 19, [23] [24] [25] 28 , 2850 11, 20, 21, 26, 27, 29 CH3 stretching @ 2920 25 , 2930 12, 24 , 2935 20 , 2940 21 A. thaliana 30 , D. melanogaster 30 , hepatocyte 30 , mouse brain 31 , mouse lung 30 , mouse skin 32 , rat liver 30 , soy bean 30 , Zebrafish embryo 33 
Supplementary Video 4 | Sweeping of hyperspectral CARS images for the middle column of
Supplementary Table S1. Survey of label-free multiphoton imaging of endogenous substances in biology.
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Herring sperm 39 800 24 , human perivascular tissue 26 , human skin 28 , MCF-7 cell 10 , microalgae 21 , mouse ear skin 21, 28 , mouse skin 28 , rat liver 29 , Note: All imaging data from the experiment group are included. Nature of specimen is classified into three categories: (a) ad ipose (A); (b) stroma (S); and (c) both adipose and stroma (A-S). Gross examination of the experimental group was performed by an experienced biologist (E.J.C.) during the surgery and categorized into 3 groups as (1) normal: white and thin mammary gland; (2) histologically inconclusive: slightly darker mammary gland as compared to normal tissue; (3) tumor: palpable tumor mass 0.5-3 mm in diameter with rice-like granular features. For palpable tumor stages (week 5-10), "normal" specimens are from the normal appearing specimens > 10 mm away from the palpable tumors, "tumor margin" specimens are from tumor margin areas 1-5 mm away from the palpable tumors. The same gross examination of the control group assigned "normal" status to all specimens, except for the greenhighlighted week-7 specimen that is assigned as "inconclusive" (confirmed by the biomarker) and may reflect the natural tumor development in this particular rat. The categorizations of the cyan-highlighted week-1 specimens by the gross examination are "inconclusive", suggesting the plausible advantage of using the hyperspectral biomarker in early-stage cancer diagnosis when tumor is not palpable and gross examination of the specimens is unreliable. The red-highlighted items would be considered as false negative results by wide-field Raman spectroscopy without imaging, but can be disqualified by the imaging-assisted hyperspectral biomarker because the sampling area should not be located exclusively in the adipose regions.
Supplementary Figure S1 . Multimodality-empowered CARS microscope for radiological multiphoton histotechnology incorporating emergent concept of laser-microscope alignment decoupling. (a) Conventional dual-laser scheme of synchronized pump-Stokes pulses with spatial-temporal overlapping (STO), tunable differential optical frequency, and optional variable dispersion unit (VDU) for fs lasers. An intrinsic trade-off exists between simple setup with high CARS/SRS spectral resolution using ps pulses [60] [61] [62] [63] and efficient nonlinear imaging by SHG, THG, 2PAF, and 3PAF using fs pulses 47, 65 . (b) One-laser scheme using dichroic beam splitter(s) (DBS) to simultaneously access all excitation wavelengths of constituent modalities 67 . (c) One-laser scheme using beam splitter (BS) and fiber supercontinuum generation (SCG) to convert one "active" beam from environmentally sensitive laser cavity (red line) into a "passive" environmentally insensitive beam spatially dictated by a single-mode photonic crystal fiber (green line) 47, 66, 68 . (d) One-laser scheme in this study using the SCG and arbitrary pulse shaping (APS) to convert both active beams in the conventional dual-laser scheme into two passive beams. This scheme incorporates the wavelength tunability from Scheme (a) through the APS, simultaneous wavelength access from Scheme (b), active-to-passive beam conversion from Scheme (c), and one-laser CARS/SRS spectral focusing from Schemes (b) and (c). Because the beam path from the fiber exit end to the sample is determined passively by the fiber, the pulse-conditioning components between laser source and microscope, which are typically treated as an accessory to the laser source, become an accessory to the microscope due to passive beam propagation free of routine optical realignments. (e) Optical schematic of Scheme (d) capable of laser-microscope alignment decoupling. The beam pointing instability of laser source, which is susceptible to day-to-day variations and would demand routine optical realignments to the microscope in Schemes (a)-(c), is avoided by a feedback control to the laser-fiber coupling mirror to stabilize the fiber output power and guarantee reproducible SCG 44 (see more details in Supplementary Discussions 2-4). Figure S2 . Combining co-localized single-modality multiphoton images in mammary stromal regions with hyperspectral image-integrated CARS spectra to identify hyperspectral breast cancer biomarker. Abbreviation: Cs -collagen strand; Et -elastin tube; Fl -fluorescent lipid; Lr -lipid residue; Md -mammary duct. Normal specimen is from the normal appearing tissue of a carcinogen-injected rat with no palpable tumor, control specimens are from the mammary organs of salineinjected rats, and margin specimens are from tumor margin sites approximately 1 mm away from palpable tumors. Although subtle morphological differences may differentiate tumor and control/normal specimens, the more reliable difference is the emergence of the 3050 cm -1 peak in the CARS spectra of the tumor specimens. Figure S3 . Combining co-localized single-modality multiphoton images in mammary adipose regions with hyperspectral image-integrated CARS spectra to identify hyperspectral breast cancer biomarker. Normal specimen is from the normal appearing tissue far away (>10 mm) from a palpable week 5 tumor, control specimens are from the mammary organs of salineinjected rats, and margin specimens are from tumor margin sites approximately 1 mm away from palpable tumors. Despite the morphological differences among adipose regions, including the presence of other cells among adipocytes in the normal specimen, CARS spectra are dominated by the signal from lipids (the main constituent of adipocytes). No reliable difference can be found to differentiate tumor and control/normal specimens. Figure S4 . Combining co-localized single-modality multiphoton images in mammary adipose-stroma regions with hyperspectral image-integrated CARS spectra to identify hyperspectral breast cancer biomarker. Normal specimen is from the normal appearing tissue far away (>10 mm) from a palpable week 6 tumor, control specimens are from saline-injected rats, and margin specimens are from tumor margin sites approximately 1 mm away from palpable tumors. The left and right pairs of columns are collected from specimens with and without a clear adipose-stroma boundary, respectively, while the middle pair of columns lies between the two extremes. Although subtle morphological differences may be found in each pair of columns to differentiate tumor and control/normal specimens, the more reliable difference is the emergence of the 3050 cm -1 peak in the CARS spectra of the tumor specimens.
Supplementary
Supplementary Figure S5 . Co-localized single-modality multiphoton images and hyperspectral image-integrated CARS spectra of rat organs demonstrating information maximization at each imaging pixel. All specimens are from one control rat 2 weeks after saline injection. Since the different physical mechanisms underline the individual modalities, largely different imaging contrasts are obtained from the same section of a specimen. SHG imaging uniquely reveals some collagen fibers (Co) in the spleen and liver specimens. 2PAF imaging uniquely reveals some fluorescent cells (Ce) and elastin fibers (El) in the lung specimen, and two types of filament assembly (Fa) with characteristic cross striations (Cs) in the muscle specimen (see magnified local regions of 2PAF and SHG images). THG imaging uniquely visualizes the stratum corneum layer (Sc) in the skin specimen, and the internal structure (Is) of an abnormal adipocyte in the mammary organ. 3PAF imaging discriminates some fluorescent vesicles against the more abundant vesicles co-visible by SHG and 2PAF in the upper right corner of the lung specimen. These 3PAF-visible vesicles can be confirmed in a co-localized region of the 2PAF image (see magnified local region), but could have been ignored due to strong background. Because many common micron-sized vesicles show up in all modalities for the spleen and liver specimens, the colocalized imaging at the same sample section can be ensured. Hyperspectral CARS imaging yields the integrated CARS spectrum over the whole image, indicating the unique absence of the 3050 cm Elastin fibers are first aligned in parallel (LA). Then, parallel elastin fibers self-organize into a "basket" to extend a developing lymphatic vessel (Inset 1), Finally, the "basket" is included in the basement membrane to form a developed lymphatic vessel (LV, Inset 2).
Supplementary Figure S8 . Large-area dual-modal multiphoton images from two mammary specimens recognizing biological vesicles in different backgrounds. The margin specimen was excised 1-5 mm away from the tumor. The infiltration of 3PAF-visible angiogenesis-related (likely tumor-derived) vesicles into stroma along with tumor associated collagen structure-3 can be seen (upper left image). Angiogenesis (An) accommodating collagen reorganization (AACR) can be better resolved after interfering 2PAF background in Fig. 3 is removed (upper right image). The angiogenesis visualized by the self-organized vesicles may not induce THGlightened optical heterogeneity (arrows, lower left image), but may do so to generate a negative contrast of optical heterogeneity that matches with the positive contrast of vesicles (arrows, lower right image). Figure S9 . Large-area co-localized single-modality multiphoton images from one single section of a tumor margin specimen demonstrating "seeing things in a different light". When the light is set to SHG imaging, collagen network shows up on the computer screen in one minute (typical time to collect the large-area image for all modalities) and exhibits mysterious voids that cannot be understood within SHG imaging itself (upper left image). When the light is instantly (<1 s) switched to THG imaging, optical heterogeneity of the section replaces the SHG image on the computer screen in one minute, exhibiting the voids more clearly to suggest the presence of blood vessels (upper right image). Because blood vessels are known to generate strong R2850 signal, the light is then switched to R2850 imaging for confirmation (lower left image). However, strong R2850 signal from lipids limits the dynamic range of R2850 imaging, so that no blood vessels can be observed. Finally, the light is switched to R3050 imaging to avoid the lipid signal, and the blood vessels (BV) emerge as a positive contrast in stromal region (lower right image). This exercise highlights how the reported excitation/detection condition in literature for a specific endogenous substance should be adaptively modified for different biological samples. It should also be noted that no stains and optical realignments are needed to switch these images on the computer screen.
Supplementary Discussion 1. An overview of histotechnology
Histology is the study of the microscopic anatomy of tissue or cell specimens. Its characteristic elements include the optical microscope invented in 1591, microtome sectioning introduced in 1848, formalin-based fixation adopted in 1893, and paraffin wax embedding employed in 19 th century 43 . Histochemistry investigates the distribution of endogenous molecular structures in these specimens by staining them selectively 44 , with dyes since 1673 and fluorescent antibodies (in immunohistology) or nucleic acid probes since 1980s. The underlining chemical specificity gives an artistic appeal to histological slides 45 , just like drawing paints incur vibrant colors to a painting. In 1838, the advancement of histology and histochemistry initiated the field of histopathology 46 , which reveals anatomic pathology through the histological abnormalities of tissue (or cell) specimens as opposed to the clinical pathology that examines bodily fluids. These historelated fields, termed generally as histotechnology, attained a pinnacle in 1906 when the Nobel Prize in Physiology or Medicine was awarded to histologists Camillo Golgi for staining the nervous network in the brain and Santiago Ramón y Cajal for discovering the discontinuity of nervous network from the stained images. Since then, the paradigm of histotechnology has remained largely stagnant 47 , except for the invention of whole-slide imaging that promotes digital pathology 48 . In the United States alone, this discipline currently employs ~15,000 pathologists to diagnose the majority of 1.6 million new cancer cases and numerous cases of other diseases (e.g., microorganism infection), and ~27,000 histotechnologists working in ~4,000 histology laboratories to cut ~40 million tissue blocks annually for examination by the , and the second-harmonic generation imaging (SHG) of structural proteins 56 over its membrane-dye-labelled precedent 57 . In contrast to the direct molecular specificity provided by fluorescence (2PAF, 3PAF) and vibration (CARS/SRS) optical signals, third-harmonic generation imaging (THG) 58 and SHG derive molecular specificity indirectly from the biological uniqueness of optical heterogeneity and non-centrosymmetry, respectively.
Among these label-free nonlinear imaging modalities, CARS/SRS holds the greatest promise because it integrates high spectral resolution spectroscopy and high spatial resolution imaging that complement each other synergistically 59 . When complimentary nonlinear imaging contrasts of SHG and 2PAF were gained from the same CARS/SRS setup to obtain non-vibrational information [60] [61] [62] [63] , it seems that endogenous biomolecules in various biological samples can be "artificially" (non-invasively) labeled by different excitations along certain detection spectral-channels (Supplementary Table S1 ), rather than "physically" labeled by exogenous stains or other fluorescent agents. As a result, a migration from narrowband picosecond CARS/SRS platforms [60] [61] [62] [63] to broadband femtosecond CARS/SRS platforms 39, [64] [65] [66] [67] [68] has occurred to efficiently acquire these non-vibrational imaging contrasts, while high spectral resolution of vibrational contrast has been recovered by excitation spectral focusing 39, 67 or filtering 65 . Unfortunately, besides the noticeable omission of the valuable imaging contrasts from THG and 3PAF, all these platforms of multimodality-empowered CARS/SRS microscopy have restricted light to an alignment setting in the form of laser bandwidth/wavelength control units, extracavity dispersion compensation modules, optical filters/attenuators, beam splitters/combiners, optical delays, and dichroic mirrors. The resulting difficulty to arbitrarily vary the light has forbidden the light-based optimization of imaging contrast and molecular specificity to adapt to the endless applications in different biological samples with different targeted endogenous substances (Supplementary Table S1 ). Adaptive changes to these settings require routine optical realignments that are beyond the
This study overcomes the above translational obstacle of label-free multiphoton microscopy by introducing deterministic coherent supercontinuum generation (Supplementary Discussion 3) and arbitrary pulse shaping (Supplementary Discussion 4) between an ultrafast source laser and scanning microscope. At first look, it appears that the addition of these two modules (often considered as nonessential for multiphoton imaging) will further complicate a frequently complex multiphoton microscope. Surprisingly, this is not the case due to the emergence of laser-microscope alignment decoupling uniquely afforded by a synergic combination (Supplementary Fig. S1 ). The supercontinuum (780-1320 nm) largely covers the biological optical window and allows the pulse-shaped CARS imaging based otherwise on a free-space broadband laser 69, 70 to accommodate all these modalities with different common wavelengths (SHG, THG, 2PAF, and 3PAF), while the pulse shaping electronically (rapidly, < 10 ms) generates the optimal excitation along a given detection channel for each modality and focuses the spectral resolution of CARS/SRS within 14 cm Fig. S1e ) afforded by the deterministically generated supercontinuum 36 (Supplementary Discussion 3), so that routine optical realignments are not needed to adapt to varying applications. In other words, the fiber supercontinuum generation not only serves as a cost reducing methodology 39, 66, 68 , but also advantageously allows one to isolate any laser beam-pointing instability from the microscope and to access many excitation wavelengths (> 500 nm) simultaneously in a single spatial mode, i.e., perform wavelength-independent diffraction-limited imaging to maximize the information at each pixel.
Due to the similarity of the optical setup for all constituent modalities ( Supplementary Fig. S1 ) and the comparable biological imaging conditions (Supplementary Table S2), the sensitivity of different imaging modalities to a specific molecular substance can be benchmarked. We should emphasize that the CARS/SRS imaging alone does not detect all molecular substances observed from other modalities (e.g., see Supplementary Fig. S5 ), i.e., the inclusion of nonvibrational imaging modalities of SHG, THG, 2PAF, and 3PAF is essential for the intended stain-free histopathology.
Supplementary Discussion 3. Deterministic and stable coherent fiber supercontinuum generation for biological imaging: a short history
In contrast to a broadband Ti:sapphire laser that mode locks a continuum of emission 71 , supercontinuum generation moves the spectral broadening outside the laser cavity into a nonlinear medium 72 , and may thus improve environmental stability. Using an endlessly single-mode photonic crystal fiber 73 for the extracavity (passive) spectral broadening, this technique becomes widely accessible from a narrowband modelocked laser 74 . Since the application of fiber supercontinuum to optical coherence tomography in 2001 75 , hundreds of studies have exploited similar applications in various biophotonic imaging modalities with the intension to replace various discrete wavelength (or band) solid-state lasers 76 . The advantages of fiber supercontinuum sources include: (1) broad spectral coverage and relatively high spectral intensity; (2) single spatial mode capable of diffraction-limited focusing; (3) availability of ultrashort pulses with often adjustable repetition rate; and (4) potential compactness, energy-efficiency, ruggedness, and cost-effectiveness as a result of fiber-based configuration. Currently, fiber supercontinuum sources have benefited various single-photon biological imaging modalities, such as ex vivo light-sheet microscopy and confocal fluorescence (lifetime) microscopy, as well as in vivo diffuse optical tomography, retinal confocal imaging, and cellular-level optical coherence tomography. However, they have not benefited multiphoton biological imaging modalities, which we discuss below using two prominent attempts.
The first attempt is the intrinsic two-photon fluorescence microscopy (2PAF) using the visible portion of a spectrallysliced supercontinuum, which was employed to image tryptophan in cells 77 . Similar techniques were used to image hemoglobin in vitro 78 and in vivo 79 . However, the same research group replaced the supercontinuum [77] [78] [79] with an optical parametric oscillator later 80 , following the main line of ultraviolet auto-fluorescence imaging 81 . The other attempt is coherent anti-Stokes Raman scattering microscopy (CARS) using a regular fs Ti:sapphire oscillator and a derived supercontinuum as pump/Stokes excitation 82 . Similar setups were employed to perform hyperspectral CARS imaging in the C-H stretch Raman region 39 and fingerprint region 83 . However, hyperspectral CARS imaging in both regions can be conducted using a 5 fs Ti:sapphire oscillator, with all the advantages afforded by the supercontinuum 67 . Other attempts of biological multiphoton imaging by fiber supercontinuum sources 66, 68 are abundant in the literature. However, at given excitation wavelengths or bands, fs solid-state lasers are usually (if not always) favoured over their fiber supercontinuum counterparts. The reason can be attributed to the amplitude/phase noise contributions of the later, which is amplified from the intrinsic quantum noise of the input laser and responsible for spectral decoherence 84 . This short-term instability deteriorates the performance of the nonlinear biological imaging modalities more than that of their linear counterparts.
Interestingly, both the noise and the spectrum of fiber supercontinuum generation can be modelled by scalar generalized nonlinear Schrödinger equation (GNLSE) as the result of decoupling between spatial and temporal processes 84 . This is practically important because a reliable ultrafast optical source necessitates an emission spectrum that can be controlled and reproduced over a prolonged period, independent of individual operators, times of operation, and environmental fluctuations. The GNLSE has successfully predicted some unusual effects associated with supercontinuum generation, including soliton self-frequency shift cancellation 85 , spectral noise variation 86 , optical rogue waves 87 , and gravity-like light trapping 88 . It is natural to expect that the observed spectrum of the supercontinuum generated under a known condition should be rigorously quantified by the scalar GNLSE. Several early studies have demonstrated that this is indeed the case [89] [90] [91] . Thus, it is possible to routinely reproduce the corresponding supercontinuum for reliable operations. However, the rather low spectral power of the supercontinuum has forbidden many applications, including biological multiphoton imaging. The low spectral power is due to the low soliton order required for the rigorous quantification of the spectrum, because higher soliton orders (>20) with higher spectral powers are known to induce large pulse-to-pulse spectrum fluctuation (i.e., the spectrum of an individual supercontinuum pulse cannot be rigorously quantified due to quantum noise) 84 . This uncertainty destabilizes the spectral phase of the pulse, forbids pulse compression and shaping 92 desirable for high-quality multiphoton imaging, and may cause long-term uncontrollability to the source itself.
Numerous efforts have been devoted to increase the spectral power while retain the low soliton order condition 93 . One attractive solution is to couple ~100 fs 1550-nm pulses of an Er:fiber laser into a short (<10 cm) dispersion-engineered circular fiber 94 to generate a pulse compressible supercontinuum 95 . Further improvements to the nonlinear fiber has allowed the rigorous quantification of supercontinuum spectrum by the scalar GNLSE 96 , permitting biological coherent anti-Stokes Raman scattering imaging (CARS) 97 and multimodal multiphoton imaging 98 . Unfortunately, after one decade of research, the spectral power of this unique supercontinnum source remains relatively low (∼0.1 mW/nm), and insufficient for the intended multiphoton imaging in this study. The focus of the related laser source engineering has been shifted to an alternative supercontinuum generation technique that uses a dispersion-flattened all-normal dispersion photonic crystal fiber [99] [100] [101] . Because no soliton is generated under this condition, i.e., the lower soliton order condition is no longer valid, high spectral-power (~1 mW/nm) scalar-GNLSE-quantified supercontinuum has been attained free of pulse-to-pulse spectrum fluctuation 100, 101 . Unfortunately, this supercontinuum generation remains unstable against unintentional random fiber birefringence (i.e., fiber bending sensitive to environmental perturbations of temperature, pressure, etc.) at high output powers and/or long fiber lengths 102, 103 , so that the observed spectrum is subjective to day-today variations. The potentially large but unintentional birefringence of the fiber may occasionally generate a broad coherent bandwidth 104 , but this has not been reproducible among different fiber pieces. All these instabilities may have contributed to the notion of uncertainty and uncontrollability regarding the supercontinuum, and limited its biological nonlinear imaging applications in comparison to the solid-state lasers.
In a recent attempt 36 , we have fabricated a polarization-maintaining all-normal dispersion photonic crystal fiber, in which strong intentional birefringence suppresses the environment-sensitive unintentional random birefringence of its non-polarization-maintaining predecessor 100, 102 . Thus, a broadband single-mode supercontinuum is generated from a relatively long 21-cm fiber that is stable against all known instabilities in fiber supercontinuum generation. The spectrum of the supercontinuum, which would otherwise be unpredictably modified by the random birefringence, can be theoretically predicted by the generalized nonlinear Schrödinger equation. This advancement finally results in highquality multiphoton imaging of unstained biological samples, as demonstrated in this study.
A comparison between our supercontinuum and the competing broadband Ti:sapphire solid-state laser 105 is given in Table A . The distinct advantages of the former over the later include: (1) theoretically quantified spectrum that ensures reproducible daily calibrations and operations independent of individual operators, times of operation, and environmental fluctuations; (2) optimal spectral range that largely covers the well-accept biological optical window (700-1400 nm); (3) long-wavelength end of the spectrum that enables high-performance imaging by three-photon microscopy; (4) endlesslysingle-mode-fiber-ensured single spatial mode profile that guarantees diffraction-limited focusing across full bandwidth; (5) extracavity spectral broadening that remedies long-term cavity misalignment and relaxes the cooling requirement and thermal management; and (6) compatibility with fiber setup that permits in vivo imaging and clinical translation. A comparison between the Yb-laser-induced supercontinuum employed in this study and the Er-laser-induced supercontinuum [95] [96] [97] [98] is given in Table B . Because both can be quantified by the scalar GNLSE in the linear scale, the controllability and reliability in the subsequent biological multiphoton imaging are ensured. The Yb-laser-induced supercontinuum has three major advantages over the Er-laser-induced supercontinuum: (1) the spectral power is one order of magnitude larger; (2) a longitudinally uniform nonlinear fiber, rather than a specifically fabricated fiber link, is used for supercontinuum generation; and (3) soliton-free supercontinuum generation guarantees high spectral coherence and low optical noise 84 . 
Supplementary Discussion 4. Arbitrarily pulse-shaped fiber supercontinuum vs. wavelength widely-tunable sources in diffraction-limited multiphoton imaging
Without arbitrary pulse shaping 14, 69 , slow laser tuning and/or optical realignments have limited co-localized multimodal multiphoton imaging because it was challenging to rapidly switch among different modalities or different excitation conditions within a single modality to target different endogenous substances. In contrast to other fiber supercontinua 39, 66, 68 employed in multimodalities-empowered CARS microscope which have insufficient coherence for arbitrary pulse shaping, the deterministically generated supercontinuum (Supplementary Discussion 3) allows subsequent pulse shaping to enable optimization of optical signal generation across different multiphoton modalities. Due to the lasermicroscope alignment decoupling unique to single-mode fiber supercontinuum, which is absent from pulse-shaped CARS microscopes using free-space excitation lasers directly 69, 70 , the excitation of a multiphoton modality targeting a specific endogenous substance can be preprogramed to generate the same tailored excitation independent of biological samples, individual operators, and day-to-day operations.
The comparison of our pulse-shaped supercontinuum with commercial tunable-wavelength fs solid-state lasers is shown in Table C . Because the pulse shaper provides higher-order dispersion compensation for transform-limited pulse compression, it presents ideal pulse compression for multiphoton imaging in comparison to prism (or grating) compressor that compensates the dispersion up to the second order. Also, these commercial lasers place a constraint on the bandwidth of the excitation, and have difficulty to produce sub-50 fs pulses useful for high-efficiency multiphoton imaging. Finally, the wavelength tuning of these lasers does not attain the agility of the pulse shaper to switch between different excitations. 
Supplementary Methods. Calibration and validation of multiphoton modalities
In a conventional multiphoton microscope using a narrowband tunable-wavelength fs laser, the incident laser pulses are temporally elongated by the chromatic dispersion of the optics along the beam path. Thus, pulse compressors such as prism compressor and/or grating compressor have been frequently used to recompress the pulses at the microscope objective focus for signal enhancement. This is often mandatory when imaging with endogenous biomolecular contrasts, because the generated signal is typically much weaker than that of external contrast agents. Improved imaging efficiency by pulse compression allows low pulse energy excitation and potentially reduces the photodamage to biological samples or increases the imaging depth. Typically, the signal of two-photon microscopy (three-photon microscopy) scales with
, where P is the pulse energy and τ is the pulse width. Given the same pulse energy, two-photon (three-photon) microscopy signal is linearly (quadratically) proportional to the reciprocal of pulse width. As the pulse width is inversely proportional to the bandwidth for transform-limited pulses, the relation translates into linear (quadratic) dependence of the signal on the bandwidth. The local compression generates transform-limited pulses with tunable central wavelength down to~25-fs pulse width (FWHM), corresponding to a compressible bandwidth of ~100 nm. A pulse compression factor of 5 (e.g., compression of 150 fs pulses to 30 fs pulses) will enhance the two-photon (three-photon) microscopy signal by 5 (25) times, reflecting the main advantage of the pulsed shaped supercontinuum over the commercial tunable-wavelength fs solid-state lasers. This is because the pulse shaper provides higher-order dispersion compensation for transform-limited pulse compression, and therefore presents as an ideal pulse processing device for multiphoton imaging in comparison to prism (or grating) compressor that compensates the dispersion up to the second order. The 2PAF, SHG, 3PAF, and THG images of a rat mammary tissue acquired using compressed/uncompressed pulses are shown in Fig. B . The signal enhancement not only improves the contrast in 2PAF and SHG imaging but, more importantly, also increases signal level above the background noise in 3PAF and THG imaging. The observation reinforces that signal enhancement by pulse compression is crucial to investigate intrinsic weak multiphoton signals in biological samples. To validate the multiphoton imaging modalities after the local pulse compression, power dependence test of each modality is performed with the unstained cancerous and normal rat mammary tissues. Images (380x380 pixels, 0.5x0.5 To generate strong and high-spectral-resolution CARS signal, the spectrally dispersive power of the supercontinuum can be concentrated into a single vibrational frequency by spectral focusing, in which both pump and Stokes pulses are chirped so that their instantaneous frequency difference remains the same during their interaction time to coherently drive one molecular vibration. Spectroscopic acquisition is achieved by scanning the delay between two pulses to tune the frequency difference. For vibrational imaging in CH-stretch regime (2700-3100 cm An additional chirp of 4500 fs 2 is introduced to the Stokes pulse by the shaper to minimize the pump/Stokes dispersion mismatch and optimize spectral resolution and signal strength. This chirp is determined by acquiring polystyrene CARS spectrum that had the highest spectral resolution and signal strength, and also maximally approximated the spontaneous Raman data (Figs. D-a, D-b) . The discrepancy between the CARS spectrum and the spontaneous Raman spectrum is due to the non-resonant background from CARS. Including the contribution from the supercontinuum itself, the shaper, and the objective, the cumulative chirp at the objective focus exceeded 20000 fs 2 . The spectral resolution of the system is calculated to be 14 cm -1 based on the measured FWHM (19 cm -1 ) of the 2913-cm -1 peak in the CARS spectrum of dimethyl sulfoxide (Fig. D-c) . This finite spectral resolution of CARS is mostly limited by the finite spectral resolution of the pulse shaper (640 pixels to cover 750-1350 nm bandwidth). 
